The microwave sky shows unexpected features at the largest angular scales, among them the alignments of the dipole, quadrupole and octopole. Motivated by recent X-ray cluster studies, we investigate the possibility that local structures at the 100 h −1 Mpc scale could be responsible for such correlations. These structures give rise to a local Rees-Sciama contribution to the microwave sky that may amount to ∆T /T ∼ 10
The microwave sky has presented some surprises at the largest angular scales. The Wilkinson Microwave Anisotropy Probe (WMAP) confirmed the vanishing of the angular twopoint correlation function above 60
• (Bennett et al. 2003a ), a result first obtained by the Cosmic Background Explorer's Differential Microwave Radiometer (COBE-DMR) experiment (Hinshaw et al. 1996) . In terms of the angular power spectrum this implies that the quadrupole and octopole are below the theoretical expectation.
The analysis of foreground-cleaned full-sky maps (Bennett et al. 2003b; Tegmark, de Oliveira-Costa & Hamilton 2003; Eriksen et al. 2004b ) has revealed further surprises. It was pointed out by de Oliveira-Costa et al. (2004) that the octopole seems to be planar (all minima and maxima are close to a great circle on the sky) and the planes of the octopole and the quadrupole are closely aligned. Eriksen et al. (2004a) showed that the northern galactic hemisphere lacks power compared with the southern hemisphere. By means of multipole vectors , Schwarz et al. (2004) showed that the quadrupole and octopole are correlated with each other and with the orientation and motion of the Solar system. The four cross products of the quadrupole and octopole vectors are unexpectedly close to the ecliptic [> 98% confidence level (C.L.)] as well as to the equinox (EQX) and microwave dipole (both > 99.7% C.L.) (Copi et al. 2005) . Based on ⋆ E-mail: rakic at physik dot uni-bielefeld dot de † E-mail: syksy dot rasanen at iki dot fi ‡ E-mail: dschwarz at physik dot uni-bielefeld dot de the additional alignment of a nodal line with the ecliptic and an ecliptic north-south asymmetry of the quadrupole plus octopole map, Copi et al. (2005) argued that the correlation with the ecliptic is unlikely at the > 99.9% C.L. In contrast to an unknown Solar system effect, it also seems possible that the large-scale anomalies are due to a physical correlation with the dipole, in which case the correlation with the ecliptic and the EQX would be due to the accidental closeness of the dipole and the EQX.
In this letter we explore the possibility that the effect of local non-linear structures on the cosmic microwave background (CMB), the local Rees-Sciama effect (Rees & Sciama 1968) , could induce a correlation between the dipole and higher multipoles. In the non-linear regime the gravitational potential changes with time, and photons climb out of a potential well slightly different from the one they fell into. As the CMB dipole is considered to be due to our motion with respect to the CMB rest frame, and this motion is due to the gravitational pull of local structures, these structures are a natural candidate for contributions to the higher multipoles correlated with the dipole. For earlier work on connection of local structures with the low-multipole anomalies, see Tomita (2005a) ; Vale (2005) ; Tomita (2005b) ; Cooray & Seto (2005) .
The Rees-Sciama effect of distant clusters was estimated to be at most 10 −6 in a matter-dominated Universe in Seljak (1996) , one order of magnitude below the intrinsic CMB anisotropy. The effect of local large structures has been estimated to be at most 10 −6 using the Swiss Cheese model (Martínez-González & Sanz 1990) and, more reliably, the Lemaître-Tolman-Bondi (LTB) model, which is the general spherically symmetric dust solution of the Ein-stein equation (Panek 1992; Sáez, Arnau & Fullana 1993; Fullana, Sáez & Arnau 1994) . For an overview, see Krasiński (1997) .
At the time these studies were made, it was generally thought that the dipole is mostly due to the infall of the Local Group (LG) of galaxies towards the Great Attractor (GA) (Lynden-Bell et al. 1988; Dressler 1988 ), a density concentration located 40-60 h −1 Mpc from us, with a subdominant component due to the nearby Virgo cluster, about 10 h −1 Mpc away. Recent observations of X-ray clusters suggest instead that there is a major contribution to the dipole from the Shapley Supercluster (SSC) and other density concentrations at a distance of around 130-180 h −1 Mpc (Kocevski, Mullis & Ebeling 2004; Hudson et al. 2004; Lucey, Radburn-Smith & Hudson 2004; Kocevski & Ebeling 2005) . The SSC alone has a density contrast of ≈ 5 over a 30 h −1 Mpc region (Proust et al. 2005) , which is two to three times the size of the core (of similar density) used in the models for the GA.
The further away and the more extended the source is, the bigger is the impact on the quadrupole and octopole (for a fixed effect on the dipole), so it is plausible that the SSC would induce anisotropies at the 10 −5 level. This would be consistent with the early estimate for an SSC-like object in Martínez-González & Sanz (1990) and the approximate scaling ∆T /T ∼ δ 3/2 (d/t) 3 suggested in Panek (1992) , where δ is the density contrast of the structure, d is its size and t is the time at which the CMB photons crossed it. The SSC is a non-linear structure, and the amplitude of the induced anisotropies cannot be reliably calculated in linear perturbation theory. According to a comparison of linear and exact calculations for GA-like objects with the LTB model in Fullana, Sáez & Arnau (1994) , linear theory is reliable at distances comparable to the Hubble scale, but fails if the structures are within 1000 h −1 Mpc or so.
The advantage of the spherical symmetry of the LTB model is that it allows exact calculations for non-linear objects; the drawback is that the observed non-linear objects such as the GA and SSC do not appear to be spherically symmetric. However, one would expect the result to be correct within an order of magnitude, and the core of the SSC does seem to be roughly spherical (Proust et al. 2005) . Also, if the preferred direction indicated by the low-l anomalies is due to local structures, this implies that there indeed is a degree of symmetry in the local mass distribution.
In addition, there is a second motivation for studying a spherically symmetric inhomogeneous model, namely dark energy. If interpreted in the -framework of the isotropic and homogeneous Friedmann-Lemaître-Robertson-Walker cosmology, observations of SNIa imply that the expansion of the Universe is accelerating. However, in an inhomogeneous spacetime the observations are not necessarily inconsistent with deceleration. In particular, in the LTB model the parameter q0 defined with the luminosity distance is no longer a direct measure of acceleration (Humphreys, Maartens & Matravers 1997) . It has been suggested by several groups that a spherically symmetric inhomogeneity could be used to explain the SNIa data ( 
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or the observation of baryon oscillations in the matter power spectrum. Here we concern ourselves only with the CMB. The picture of the local Universe that we adopt is a spherically symmetric density distribution, with the LG falling towards the core of the overdensity at the centre. The line between our location and the centre defines a preferred directionẑ, which in the present case corresponds to the direction of the dipole after subtracting our motion with respect to the LG and the LG's infall towards the nearby Virgo cluster (assuming the primordial component of the dipole to be negligible). The directions on the sky that are important for our analysis are given in Table 1 . This setup exhibits rotational symmetry w.r.t. the axisẑ. Consequently, only zonal harmonics (m = 0 in theẑ-frame) are generated.
The density field has two effects on the CMB seen by an off-centre observer. First, photons coming from different directions travel different routes through the local overdensity, and this creates anisotropy (even with a perfectly homogeneous distribution of photons). In a stationary setup (i.e. for virialized structures) this effect vanishes and there is no imprint on the CMB. Second, the environment will affect the evolution of the intrinsic anisotropies (as the homogeneous background space does, by changing the angular diameter distance). The correct calculation that would account for both of these effects would be to study the evolution of the CMB anisotropies as they travel across the density field using perturbation theory on the LTB background. We will present the calculation of the amplitude of the anisotropies induced by a local structure described with the LTB model elsewhere. As in earlier treatments, we neglect the second effect and simply add the anisotropy generated by the LTB model on top of the intrinsic contribution. It is possible that this treatment misses some effects of processing the anisotropies already present. In particular, simply linearly adding a new source of anisotropy will in general add multipole power, not reduce it, while a proper analysis of the processing of the intrinsic anisotropies could lead to a multiplicative modification of the amplitudes of the low multipoles, discussed in Gordon et al. (2005) .
Any other effect with axial symmetry would also induce anisotropy only for the m = 0 components. It has been suggested that spherically symmetric inhomo- Table 2 . From the WMAP cut-sky analysis, adding any multipole power to the quadrupole is already excluded at > 99%C.L., whereas it is possible to add up to 80 µK to the octopole in order to reach the same exclusion level.
geneities of the order of horizon size or larger would contribute to the low CMB multipoles (Raine & Thomas 1981; Paczyński & Piran 1990; Langlois & Piran 1996; Moffat 2005) ; it was claimed in Moffat (2005) that this could explain the observed preferred axis of the CMB. Leaving aside the issue that assuming spherical symmetry for the entire Universe seems questionable, the observational signature on the low multipoles is identical to that from the LTB model used to describe local structures, possibly apart from the amplitude. We study how the CMB is affected by the anisotropy induced by an additional axisymmetric contribution like the one from a local Rees-Sciama effect in the above off-centre LTB model, by means of Monte Carlo (MC) maps. We keep the amplitudes as free parameters to cover both local and horizon-sized structures at the same time, and look at how the observational signature compares with what is actually seen on the sky.
The angular power spectrum is given by
where a lm are the usual coefficients in the harmonic decomposition of the temperature map. As predicted by the simplest inflationary models, we assume that the a lm are statistically independent (isotropy), gaussian and have zero mean. The a lm are then fully characterized by angular power. We use the values C2 = 1278.9 µK 2 , C3 = 590.9 µK 2 from the best-fit temperature spectrum of a ΛCDM model with a power-law primordial perturbation spectrum to the combined WMAP, CBI and ACBAR dataset. § For the statistical analysis we generate 10 5 MC realizations of the quadrupole and the octopole. As the contribution of the structure described by the LTB model, we add to the quadrupole and the octopole a component, denoted by a axial l0
, which is a pure m = 0 mode with respect to a given physical directionẑ.
First we address the amplitude of the quadrupole and the octopole. The values of C2 and C3 determined from the WMAP cut-sky (Hinshaw et al. 2003) , the TOH § WMAP data products at http://lambda.gsfc.nasa.gov/ map (Tegmark, de Oliveira-Costa & Hamilton 2003) , the Lagrange ILC map (Eriksen et al. 2004b ) and the ILC map (Bennett et al. 2003b ) are listed in Table 2 . The extracted quadrupoles have been Doppler-corrected as described in Schwarz et al. (2004) , except for the cut-sky value. Note that the values of C2 and C3 from the full-sky maps are significantly larger than the cut-sky values. induces on the sky. In the multipole vector representation any real multipole T l on a sphere can be expressed with l unit vectorŝ v (l,i) and one scalar A (l) as
The signs of the multipole vectors can be absorbed into the scalar quantity A (l) , and are thus unphysical. Note that in (2) the r.h.s. contains contributions with angular momentum l − 2, l − 4, . . . The uniqueness of the multipole vectors is ensured by removing these terms by taking the appropriate traceless symmetric combination . Note that the multipole vectors are independent of the angular power. As in Schwarz et al. (2004) , we introduce the l(l − 1)/2 independent oriented areas w (l;i,j) ≡v (l,i) ×v (l,j) . Alignment of the normals n (l;i,j) ≡ ±ŵ (l;i,j) with a given directionx is tested with
Since that statistic is a sum over all dot products for a givenx, it does not imply any ordering between the terms and is a unique and compact quantity to use. For computing the multipole vectors we use the method introduced by . ¶ We look for alignment with three different directionŝ x: the north ecliptic pole (NEP), the EQX and the north galactic pole (NGP). The former are preferred directions in the Solar system and the latter defines the plane of the dominant foreground. The observed S-values from the TOH, LILC and ILC maps are given in Table 2 . The results of the correlation analyses are shown in Fig. 2 . By chance the CMB dipole and EQX lie very close to each other, so an alignment test with the dipole would give results very similar to the one with the EQX.
In the first row of Fig. 2 the preferred axisẑ is chosen to be the measured WMAP dipole (Bennett et al. 2003a ). For all three tests the anomaly gets clearly worse, i.e. the axial mechanism drives the histograms away from the data. Next, instead of using the motion of the LG with respect to the CMB rest frame (Kogut et al. 1993) as the test direction, we take the velocity of the LG when corrected for Virgocentric motion (Plionis & Kolokotronis 1998) , since this differs more from the WMAP dipole. The results are shown in the second row of Fig. 2 . The situation for the alignment with the EQX is again worse, but there isn't much effect with regard to the ecliptic alignment. For the alignment with the galactic plane, the axial contribution makes an apparent galactic correlation more probable, i.e. there is a certain probability of overestimating the galactic foreground. For both test directions (rows one and two), the alignment with the EQX gets worse. For example, in the direction of the Virgo-corrected LG motion an exclusion of ∼ 99.9% C.L. for a axial l0 = 50 µK can be given for all three maps. Note that adding any multipole power in this test can already be excluded at the 99.4% C.L.
As a complementary test we show the alignment likelihood with regard to an orthogonal test direction, the NEP, in row three of Fig. 2 . An ecliptic extra contribution in the CMB would indeed induce an alignment of normal vectors similar to the observed one. In particular, for a axial l0 = 50 µK, the probability of finding an alignment with the NEP itself becomes roughly 5%, and the probability for the EQX alignment rises to 1%.
To summarize, the results of recent X-ray cluster studies indicate the existence of large-scale fluctuations δ ≃ O(1) at distances of ∼ 100 h −1 Mpc. The local Rees-Sciama effect on the primordial photons from these structures is estimated to be of order ∼ 10 −5 at large angular scales. This raises the question of whether the local Rees-Sciama effect can account for the observed anomalies in the low multipoles of the CMB.
In this letter we have assumed spherical symmetry of the local superstructure, with an object like the Shapley Supercluster at the centre. Under this assumption we should observe an axisymmetric effect on the microwave sky. The preferred axis has been taken to point towards the direction of the local velocity flow (not shown in Fig. 2) , the CMB dipole and the Virgo-corrected LG flow vector. We have added this axisymmetric contribution to a statistically isotropic gaussian random map and compared it by ¶ Code at http://www.phys.cwru.edu/projects/mpvectors/ means of the S-statistic with WMAP measurements. The result is that this mechanism can be excluded at > 99%C.L. Our analysis also applies to any other effect which gives an axisymmetric addition to the statistically isotropic and gaussian random sky. However, we find that a Solar system effect would be consistent with the data, in agreement with Copi et al. (2005) . The present work also indicates that the local ReesSciama effect might be important for the interpretation of WMAP data and future PLANCK data on the largest angular scales. Our work suggests that a more detailed study of the Rees-Sciama effect could lead to useful constraints on the local large-scale structure of the Universe. Figure 2 . Alignment statistic (3) for quadrupole and octopole normals. For the three columns we pick the test directionx to be NEP, EQX and NGP respectively. In rows we consider three different choices of the preferred axisẑ, namely the WMAP dipole, the direction of motion of the LG, corrected for its Virgo infall, and the direction of the NEP. Shown are the likelihoods of the S-statistic for statistically isotropic gaussian skies (thick solid lines) as well as different magnitudes of axial contamination of the CMB. Vertical lines represent the measured S-values from the TOH (solid line), LILC (dotted line) and ILC (dashed line) maps (see Table 2 ). Introducing a preferred axis induces correlations. For the directions of local motion (first and second rows) these correlations make the discrepancy between the measured S-values and model even bigger. At the same time, a Solar system effect is more consistent with data.
